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Hydrogel consists of a crosslinked polymer matrix imbibed with a solvent such as water at volume
fractions that can exceed 90%. They are important in many scientific and engineering applications
due to their tunable physiochemical properties, bio-compatibility, and ultra-low friction. Their
multiphase structure leads to a complex interfacial rheology, yet a detailed, microscopic under-
standing of hydrogel friction is still emerging. Using a custom-built tribometer, here we identify
three distinct regimes of frictional behavior for polyacrylic acid (PAA), polyacrylamide (PAAm),
and agarose hydrogel spheres on smooth surfaces. We find that at low velocities, friction is controlled
by hydrodynamic flow through the porous hydrogel network, and is inversely proportional to the
characteristic pore size. At high velocities, a mesoscopic, lubricating liquid film forms between the
gel and surface that obeys elastohydrodynamic theory. Between these regimes, the frictional force
decreases by an order of magnitude and displays slow relaxation over several minutes. Our results
can be interpreted as an interfacial shear thinning of the polymers with an increasing relaxation
time due to the confinement of entanglements. This transition can be tuned by varying the solvent
salt concentration, solvent viscosity, and sliding geometry at the interface.
Hydrogel consists of a solvent-saturated, crosslinked
polymer network that exhibits incredibly unique chemi-
cal and mechanical qualities. The polymer network al-
lows for a size-selective diffusion of macromolecules, such
as DNA, and a macroscopic elasticity coupled with a
large maximum strain. By tuning the polymer chem-
istry, degree of crosslinking, and solvent properties, hy-
drogels can be used in a wide variety of applications –
for example, agricultural soil enhancement, [1–3], medi-
cal procedures and replacements [4–8], biomaterials [9–
16], and soft robotics [17–23]. Many of these applications
depend sensitively on the interfacial rheology of hydro-
gels, where extended polymer chains can interact with
both the solvating fluid and solid substrate, leading to a
rich spectrum of frictional behaviors [24].
Generally, the friction coefficients (µ) of hydrogel-
hydrogel and hydrogel-solid interfaces are very low, of-
ten below µ = 0.01 at laboratory-scale sliding velocities.
Such low friction coefficients result partially from a hy-
drogel’s high solvent volume fraction and associated lu-
brication. Yet even without a macroscopic lubrication
layer, the polymers in a hydrogel are highly solvated and
likely contain a sub-nanometer boundary layer of hydra-
tion which allows for molecular slip near the interface
[25, 26]. However, the average “pore” size is usually much
larger than a molecular hydration layer (< 1 nm), and is
of order 5-500 nm [3, 27, 28].
It is important to note that the effective pore size of
the network depends on the measurement. We are con-
cerned primarily with fluid flow through the near-surface
polymer network. For transport measurements in hydro-
gels, the “mesh size” [29] or “blob size” [30] is often used
as the characteristic length scale [31–34]. The mesh size,
ξ, measures the correlation length between monomers in
the network, and encompasses thermal fluctuations of the
polymer chains. As such, ξ often scales with the average
distance between crosslinks in the network. The pore
size distribution in hydrogels can also be polydisperse, so
that any mesoscale structure in the polymer network will
strongly affect its effective hydraulic pore size in response
to shear or pressure-driven flow. Near the surface, poly-
mers do not experience an isotropic environment, and can
deform due to large shear forces imposed by fluid flow,
resulting in non-trivial, macroscale frictional behavior.
There are three dominant system properties that are
known to affect the frictional behavior of a single hydro-
gel surface contact. First, as mentioned, hydrodynamic
forces and polymer-scale deformation will be important.
This applies to both a bulk lubricating fluid layer at
high velocities, and potential Darcy-like flow through
the porous network at lower velocities. For soft mate-
rials, the resulting elastic deformation depends strongly
on the contact geometry [35–39]. For example, the con-
tact region between a hard sphere and soft solid is curved,
and the contact region between a soft sphere and a hard
solid is flat [40, 41]. Second, physiochemical absorption
or repulsion between the polymers and the substrate, or
between polymers on different hydrogels, will strongly af-
fect the friction [42]. Repulsion will tend to draw fluid
into the interface, whereas absorption will lead to more
solid-like, static friction. Finally, the micro-mechanical
and thermodynamic properties of the polymer elastic
network, from surface roughness [43] to shear deforma-
tion [31, 44–46], can affect the relaxation and hydration
timescales at the interface [47, 48].
Here we disentangle many of these competing effects
by examining the frictional behavior of common hydro-
gels, specifically agarose, polyacrylic acid (PAA), and
polyacrylimide (PAAm), as a function of sliding veloc-
ity. Most of our experiments utilize a hydrogel sphere on
a smooth, hard surface, although we also report experi-
ments with a hard sphere on a hydrogel surface, and with
two hydrogel surfaces. By varying the normal load, sol-
vent viscosity, salt concentration, and polymer density,
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2we show that friction at low velocities on smooth sur-
faces is controlled by hydrodynamic shear flow through
the porous polymer network, and that the friction coeffi-
cient, µ, is inversely proportional to the pore size, d. This
behavior continues until a critical velocity, vc, is reached,
where µ precipitously drops by an order of magnitude.
Both vc and µ are time-dependent and exhibit nonequi-
librium dynamics consistent with a long-time relaxation
of the polymer network on the order of minutes, indepen-
dent of the solvent viscosity. Surprisingly, the friction co-
efficient can recover in a matter of seconds when sliding
is ceased. At higher velocities, µ is mostly independent
of the contact geometry and d, as expected in a regime
where friction is dominated by a bulk, lubricating layer
of fluid. Taken together, these results present a quanti-
tative picture where porous media flow, elastic deforma-
tion, and polymer relaxation determine the interfacial
rheology of hydrogels under a broad set of conditions.
RESULTS AND DISCUSSION
Frictional regimes on smooth surfaces
Our experiments used a spherical sample pressed
against a hard flat surface with normal force Fn (Fig.
1A, Sec. ). The frictional force Ff was localized to a well-
defined, circular contact area of radius a (Fig. 1B). At
each velocity, µ was measured for an experimental time
tp before increasing (or decreasing) the velocity. At the
lowest velocities, the polymer matrix is adjacent to the
surface, separated only by short-range molecular repul-
sion and any bound hydration layers [25, 26] (Fig. 1C).
These hydration layers may affect the local viscosity of
the solvent under shear [49, 50]. Additionally, near the
surface, extended polymer chains, some with free ends,
are expected to influence the frictional behavior [51, 52].
For hydrogel-hydrogel “Gemini” interfaces, these chains
may interact and produce a nearly constant or increasing
coefficient of friction at low sliding velocities [28, 31, 53].
However, for smooth, hard surfaces, we observe dramat-
ically different behavior, with three distinct frictional
regimes, consistent with a few recent studies of hydro-
gel friction on smooth surfaces [44, 45].
Figure 1D shows the typical behavior of µ vs. v for
both agarose and PAA. At the lowest velocities, µ in-
creases smoothly with v, implying that µ→ 0 as v → 0,
which is consistent with a purely hydrodynamic frictional
response as the fluid is dragged through the porous poly-
mer matrix. At a critical velocity vc, the friction coef-
ficient experiences a dramatic drop, often by more than
an order of magnitude. Although this behavior bears
striking resemblance to the mixed-lubrication regime in
a typical Stribeck curve [54], this is perhaps coincidence.
In a typical solid-solid contact, as the sliding velocity is
increased, a bulk fluid layer begins to penetrate the con-
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FIG. 1. (A) Diagram of the experimental setup showing the
spherical sample pressed against the rotating surface. The
hydrogel is sheared in the x-direction. (B) The characteris-
tic size of the circular contact area is 2a. (C) The polymer
network adjacent to the surface experiences shear as fluid is
dragged through it. (D) Plot of µ vs. v for a 2% wt agarose
gel and a commercial PAA hydrogel particle (JRM Chemical)
with Fn = 0.2 N and tp = 180 s. The substrate was transpar-
ent, cast acrylic (poly(methyl methacrylate), PMMA). The
three distinct regimes of friction are always observed, al-
though the transitions between them vary with both hydrogel
and solvent properties.
tact area and drastically reduces µ through fluid lubrica-
tion. In our experiments, however, this sharp decrease in
friction appears to be associated with structural changes
in the polymer network, which manifests as nonequilib-
rium, time-dependent behavior in µ. At higher velocities,
µ begins to increase again with v, and the properties of
the hydrogel polymer matrix and contact geometry are
less important. In this regime, our data suggests that our
system is well-described by standard elastohydrodynamic
friction due to a bulk fluid layer between the hydrogel and
the surface.
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FIG. 2. (A) Experimental setup for measurement of the con-
tact area. (B) Red fluorescent particles (mean diameter = 70
µm) are displaced by the sphere contact. (C) The radius, a,
of the contact area obeys the Hertzian theory for both agarose
and PAAm hydrogels. (D) The contact area was independent
of sliding velocity in the experiment. Error in our measure-
ments is estimated to be ∼ 5% due to the finite size of the
fluorescent particles. Although only data for PAAm is shown,
similar results were obtain for agarose hydrogels.
Low-velocity regime
At low sliding velocities, we observe a monotonic in-
crease in µ (Fig. 1D). The behavior is consistent with
µ ∝ vγ , where 0.5 < γ < 1.0. The exponent varied
from sample-to-sample, and depended on the type of gel
and the polymer concentration, among other properties.
We attribute this behavior to the shear force applied to
the sphere as fluid is dragged through the porous ma-
trix over a characteristic distance (Fig. 1C). The effective
shear permeability of the hydrogel surface layers, k, may
depend on the sliding velocity, and should scale with the
effective pore size, k ∼ d2. We can estimate the frictional
force on the hydrogel using Newton’s law of viscosity,
Ff = ηA
v
d
, (1)
where η is the dynamic viscosity of the solvent, A is the
area of contact, and the velocity gradient has been re-
placed with v/d. We note again that d is the “hydro-
dynamic” pore size at the interface in response to shear,
and may vary depending on the heterogeneous structure
of the polymer matrix. By measuring A and systemati-
cally varying the viscosity, velocity, and polymer concen-
tration, we will show that measurements of d agree well
with pore size estimates obtained from transport mea-
surements reported in the literature.
First, we characterized the circular contact area A =
pia2 both statically and under sliding contacts. This can
TABLE I. Reduced modulus for the various hydrogels used
in our experiments. Concentrations are reported as percent
weight. Errors are at most ±5%, based on the measurement
and fitting procedure.
hydrogel E∗ [kPa] hydrogel E∗ [kPa]
0.5% agarose 5 1.0% agarose 14
1.5% agarose 26 2.0% agarose 47
8%, 29:1 PAAm 32 8%, 19:1 PAAm 26
8%, 9:1 PAAm 18 12%, 29:1 PAAm 41
16%, 29:1 PAAm 81 20%, 29:1 PAAm 96
24%, 29:1 PAAm 155 PAA commercial gel 45
be challenging due to the very small optical index differ-
ence between the hydrogel and the surrounding solvent.
As such, we used the method of particle exclusion mi-
croscopy to show the real area of contact between the
gel and the acrylic (polymethyl methacrylate) (PMMA)
[55]. Figure 2A shows the experimental setup for mea-
surements. We used red fluorescent polyethylene beads
with density = 1050 kg/m3 and mean diameter = 70 µm
as indicators of the contact area. When the hydrogel was
pressed against the surface, the sedimented beads were
displaced and formed a circular ring around the contact
area (Fig. 2B). Because of the finite size of the particles,
the measured contact area was slightly larger than the
actual contact area since the particles can only fit within
a certain distance from the contact line. Assuming a sim-
ple geometry of a sphere penetrating a surface, and given
the size of our particles, we estimate that this introduces
at most a 5% error in our contact area measurements.
The deformation of the sphere is rather large in most
cases. The radius of contact was typically a few mil-
limeters, and the radius of the sphere was 7.5 mm, so
a/R . 0.4. However, we found that the deformation fol-
lowed Hertzian contact theory rather well. For a sphere
pressed against a flat surface, the Hertz theory predicts
that
a3 =
3FnR
4E∗
, (2)
where E∗ is the reduced average modulus for the sphere
and the substrate:
1
E∗
=
1− ν2g
Eg
+
1− ν2s
Es
. (3)
Here E and ν are the Young’s modulus and Poisson’s
ratio for the gel (g) and substrate (s). Figure 2C shows
Fn vs. a
3 for both PAAm and agarose hydrogel samples.
The data are well-described by a straight line. Moreover,
by measuring A in-situ while the contact is sliding, we
found that A remains nearly constant for both low and
high sliding velocities (Fig. 2D). In most experiments, the
Young’s modulus of the substrate was much larger than
the hydrogel, so that E∗ = Eg/(1 − νg)2. The values of
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FIG. 3. Normalized friction coefficient, µ[Fn/0.1 N]
1/3, vs.
sliding velocity for both PAAm (12% wt, 29:1) and agarose
(2% wt) hydrogels at low velocities. The substrate was
PMMA, and tp = 30 s. The lines show scaling consistent
with µ ∼ v1/2 (dotted) and µ ∼ v (dashed).
E∗ for various hydrogels were computed from the fits to
the data. The results are shown in Tab. I.
Given the consistency with Hertzian contact theory,
for a soft sphere on a hard, smooth surface, we expect
that
µ =
piηv
2d
(
9R2
2(E∗)2Fn
)1/3
, (4)
where d can potentially vary with v. We can test some
of these dependencies directly. First, the friction should
increase as F
−1/3
n . This result is quite general and has
recently been confirmed for hydrogel-hydrogel interfaces
[56]. Figure 3 shows data for both agarose and PAAm
hydrogels at 0.1 N, 0.2 N, and 0.4 N. The data is multi-
plied by (Fn/0.1N)
1/3 in order to collapse the data. Al-
though the range of normal loads is small, the data is
consistent with µ ∝ F−1/3n . The data for PAAm hy-
drogels is rather linear in velocity, e.g. γ ≈ 1, whereas
for agarose, the data is consistent with γ ≈ 1/2. This
scaling would imply that for agarose, according to Eq.
4, d ∼ v1/2. This velocity dependence is consistent with
previous results showing that the hydraulic permeability
(k) of bulk agarose increases sharply with velocity due to
the strong influence of bound vs. free water in the ma-
trix [57]. Similar behavior has been observed for PAAm
hydrogels crosslinked with chromium [58].
Second, the friction coefficient should increase linearly
with the solvent viscosity. Although we tried a num-
ber of polar solvents with a higher viscosity than wa-
ter, we found that solutions of sucrose and water worked
the best. In order to confirm that the sugar was pene-
trating into the gel along with the water, we used small,
dry millimeter-sized beads of commercial PAA hydrogels,
which took ∼ 8 hours to fully swell in water. This process
is diffusion-dominated, and thus proportional to the vis-
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FIG. 4. Plot of µ vs. v for commercial PAA hydrogel particles
swollen in sucrose solutions of increasing viscosity. Data is
shown for Fn = 0.2 N on an PMMA surface with tp = 180
s. Error bars are not shown for clarity, but are comparable
to those in Fig. 1. Inset: critical velocity vc vs. η. The
slope of the dashed line is -1, indicating they are inversely
proportional.
cosity of the solvent. For example, a particle immersed
in an η = 15 mPa sucrose solution took ∼ 5 days to
fully swell. In other polar mixtures, such as glycerol and
water, the water preferentially and rapidly diffused into
the gel, leaving a higher concentration of glycerol in the
solution.
Figure 4 shows µ vs. v for solvents consisting of pure
water and three sucrose solutions. Changing the viscos-
ity of the solvent altered the behavior of µ in all three
regimes. The variation with η is consistent with Eq. 4 at
low velocities, and with elastohydrodynamic theory [40]
at high velocities, as will be discussed. The dependence
on η can be seen by plotting the position of the critical
velocity at the peak, vc, as a function of η, as shown in
the inset. For a higher viscosity, the polymers near the
surface will experience a higher shear stress, so we may
expect vc ∝ 1/η if the transition represents a mechanical
stress threshold of deformation for the polymers near the
hydrogel-solid interface.
We have plotted the full range of µ vs. v in Fig. 4 to
illustrate that the data in the high-velocity regime scales
more weakly with viscosity than the low-velocity regime.
We want to emphasize the fact that the entire range of
data can not be collapsed onto one universal curve since
the mechanisms of friction are distinct in each regime.
This is most evident by adding sodium chloride to the
water instead of sugar. The addition of salt generally
shrinks the polymer matrix and pore size [59, 60], so
the frictional behavior at low velocities should change.
We immersed PAA hydrogel spheres in solutions of NaCl
with different concentrations and left them for 5 days so
that the salt could fully diffuse into the hydrogel. Fig-
510-2 10-1 100 101 102
10-3
10-2
10-1
 Pure Water
 0.005M NaCl
 0.01M NaCl
 0.1M NaCl
fr
ic
ti
o
n
 c
o
e
ff
ic
ie
n
t,
 m
sliding velocity, v  [cm/s]
10-3 10-2 10-1
0
10
20
30
40
50
p
o
re
 s
iz
e
, 
d
 [
n
m
]
NaCl concentration (M)
FIG. 5. Plot of µ vs. v for NaCl solutions of increasing
concentration. Data is shown for a commercial PAA hydrogel
particles with Fn = 0.2 N on an PMMA surface with tp = 180
s. Error bars are not shown for clarity, but are comparable
to those in Fig. 1. The inset shows the effective pore size
d extracted from the low-velocity regime using Eq. 1. The
measured moduli for each concentration were E∗ = 34 kPa
(0.005 M), E∗ = 31 kPa (0.01 M), and E∗ = 34 kPa (0.1 M).
ure 5 shows µ vs. v for pure water and three increas-
ing concentrations of NaCl. The friction at low veloci-
ties changed dramatically, whereas the friction at high-
velocities is basically unaffected.
From this data and measurements of the contact area
A at each salt concentration, we were able to calculate an
effective pore size over which the shear flow penetrated
into the hydrogel surface. The inset to Fig. 5 shows that
the pore size varied from ∼ 37 nm for pure water to
∼ 12 nm for a 0.1 M NaCl concentration. As mentioned
previously, for smaller values of d, the polymers near the
surface experience a higher shear stress, and thus we may
expect a decrease in the critical velocity vc. This is con-
sistent with the data in Fig. 5 as the salt concentration
is increased.
We can directly vary the effective pore size, d, in our
hydrogel samples by varying the polymer concentration
during synthesis. The results at low velocities are qualita-
tively similar to the addition of NaCl. Figure 6 shows the
computed values of the pore size extracted from data in
the low-velocity regime for both agarose (A) and PAAm
hydrogels (B). As implied by the sub-linear dependence
for agarose shown in Fig. 3, the value of d may vary with
velocity, so we calculated d at each velocity, and then
averaged the data to obtain the mean effective pore size
between 0.02 < v < 0.6 cm/s. The standard deviation
of this ensemble is represented by the error bars. As ex-
pected, d decreased with monomer concentration for both
gels, corresponding to smaller pore sizes. We emphasize
that this effective pore size is fundamentally a hydrody-
namic measurement, and will depend on the connectivity
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FIG. 6. Effective pore size d as determined from Eq. 1 in
the low-velocity regime for Fn = 0.2 N and tp = 30 s. The
crosslinker ratio for PAAm hydrogels was held fixed at 29:1.
The effective pore size was calculated at each velocity, and
then averaged. Error bars represent the standard deviation
of the data.
of the pores and their size distribution. This is distinct
from estimates of hydrogel pore sizes in the literature
that come from the diffusion of macromolecules, such as
DNA, during electrophoresis.
Nevertheless, our measurements of pore size are in
reasonable agreement with electophoretic measurements.
For example, for the concentrations of both agarose and
PAAm used in our experiments, agarose will generally
have larger pore sizes, often exceeding 100 nm, whereas
50 nm seems to be typical of PAAm with a ≈ 29:1
crosslinker ratio [61–65]. A more relevant measurement
of pore size is the bulk hydrodynamic permeability us-
ing pressure-driven flow. However, the velocities of the
fluid in the bulk of the polymer network are much smaller
than the sliding velocities used in our experiments, and
the permeability of the interfacial layer may be larger
than in the bulk fluid layer.
The hydraulic permeability of agarose hydrogels has
been measured directly [27]. For a 1.9% wt hydrogel,
the effective pore size was reported as ≈ 25 nm, which
is in reasonable agreement with the data for a 2% wt
agarose hydrogel shown in Fig. 6A. For PAAm hydro-
gels, most authors report the permeability k ∼ d2. Val-
ues in the literature are generally of order 10−18 m2, cor-
responding to hydrodynamic pore sizes of order 1 nm
[58, 66, 67]. We only measure such small permeabilities
for our 24% wt PAAm hydrogel. This is likely due to the
difference between bulk and interfacial flow. Fluid must
be transported macroscopic distances through the bulk,
and is more sensitive to the percolated network of pores,
whereas the polymer matrix is less constrained near the
interface, resulting in larger pore sizes.
Finally, we measured d as a function of the crosslinker
ratio for PAAm hydrogels. As shown in Fig. 6B, for an
8% wt, 29:1 hydrogel, d ≈ 38 nm. One may expect that
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FIG. 7. Plot of µ vs. v for a commercial PAA particle with
Fn = 0.2 N on an PMMA surface for three different values of
the experimental running time, tp, at each data point. Error
bars are not shown for clarity, but are comparable to those in
Fig. 1. The inset shows that the value of the critical velocity
vc decreases with increasing tp. The inset contains additional
data which is not shown in the main figure.
increasing the crosslinker concentration would decrease
the pore size. But, for an 8% wt, 19:1 hydrogel, we mea-
sured d ≈ 14 nm, and for an 8% wt, 9:1 hydrogel, we
measured d ≈ 33 nm. This non-monotonic behavior was
first described by Tokita and Tanaka [66], and can be
explained by an increase in pore heterogeneity. Our gels
become somewhat white in color at large crosslinker con-
centrations. This scattered light indicates large fluctua-
tions in structure of order the wavelength of visible light.
Such large pore sizes will dominate the permeability and
provide less-resistive paths for fluid transport.
Transition regime
As the sliding velocity and corresponding shear stress
are increased, a critical velocity vc is reached where the
friction begins to decrease rapidly. This velocity repre-
sents a threshold stress beyond which structural changes
may be induced in the frictional interface [44, 45]. In the
traditional Stribeck curve, a sharp drop in µ corresponds
to mixed-boundary lubrication, where a bulk fluid film
begins to develop and there is elastic deformation in the
materials. The interface deformation must be asymmet-
ric in the sliding direction in order to produce a net lift
force from the lubrication layer [35, 36, 39, 40]. If the
transition observed in our experiments was solely due to
the formation of a bulk layer, we can estimate its thick-
ness, h. For the PAA data shown in Fig. 1, µ ≈ 0.005 at
v = 2 cm/s. Using a typical contact radius of a = 3 mm,
viscosity η = 0.001 Pa.s, and Fn = 0.2 N, we estimate
that h ≈ 580 nm, which is necessarily larger than the
characteristic pore size (≈ 40 nm).
However, the onset and time-dependence of the fric-
tion in the transition regime that we observe can not be
explained by a continuum elastic deformation and for-
mation of a bulk layer, making this frictional transition
distinct from traditional mixed lubrication. For example,
although the PAA commercial hydrogel and a 2% agarose
hydrogel have similar elastic moduli (Tab. I), the precip-
itous drop in friction occurs at sliding velocities and fric-
tional forces separated by an order of magnitude (Fig.
1). At higher velocities, the curves tend to asymptote to
the same values, where the microscopic properties of the
porous hydrogel do not matter, but the transition to this
regime is characterized by slow relaxation, and is most
likely related to the shear-induced deformation dynamics
of the polymers near the surface.
This time-dependence is most easily seen in Fig. 7,
where µ vs. v is shown for three values of the experimen-
tal waiting time tp. The amount of time spent sliding at
each data point doesn’t influence the friction at low and
high velocities, but it shifts the critical velocity and peak
friction coefficient to smaller values. As shown in the in-
set, vc decreases slowly with tp before it saturates at large
tp. This variation means that the system is not in equilib-
rium over experimental timescales, and that the interface
is experiencing some form of slow relaxation process over
nearly an hour. By increasing and subsequently decreas-
ing the speed in experiments, we also observe a marked
hysteresis in the data, as shown in Fig. 8. This was true
for all hydrogels investigated. A similar hysteresis be-
havior was observed by Kim et al. [44, 45] using an alu-
minum anulus pressed against a PAAm surface. At both
low and high velocities, the data for increasing and de-
creasing speeds coincided. The amount of hysteresis in
the transition regime depended on the time spent at each
velocity, tp, as was illustrated in Fig. 7.
For given values of tp and v, µ decays monotonically
in time, and is often well-described by exponential re-
laxation, µ ≈ (µ0 − µ∞)e−t/τ + µ∞. Figure 9A shows
data at tp = 1800 s for two different hydrogel solvents
and velocities. For both cases, the time constant τ ≈
300 s. Moreover, the relaxation is only visible in the
transition regime. Figure 9B shows both the friction co-
efficient µ and the decay time τ in the transition regime.
One possible explanation for the appearance of such long
timescales in the dynamics of µ is re-hydration of the
lubricating contact [47, 48]. During the low-velocity
regime, bulk fluid is excluded from the contact region,
and the compressed polymer network is adjacent to the
solid surface. As the velocity increases, external fluid be-
gins to intrude into the interface, the polymer network
may expand at a rate limited by the imbibition of the
solvent.
We would expect this re-hydration to be driven by a
combination of solvent diffusion and mechanical expan-
sion of the polymer network, yet it should be limited by
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FIG. 8. Hysteresis in µ vs. v for (A) a 1% agarose particle,
(B) a PAA commercial particle, and (C) an 8%, 29:1 PAAm
particle. The experimental parameters were tp = 30 s and Fn
= 0.2 N. Black squares show increasing speed, and red circles
show subsequent decreasing speeds. The dashed blue line rep-
resents a velocity scaling consistent with elastohydrodynamic
lubrication theory for soft solids. Error bars here represent
the standard deviation of three separate experiments with dif-
ferent hydrogel spheres.
the viscosity of the solvent. However, as Fig. 9A illus-
trates, the time constants for water and an aqueous su-
crose solvent that is 15 times more viscous are very sim-
ilar. In general, we did not observe strong variations in
the time constants measured for solvents of different vis-
cosities. Additionally, we found that τ increased with tp,
meaning that for a longer time spent at each data point,
longer relaxation times were more visible in the data. Re-
hydration would be driven by a single timescale, whereas
the data in Fig. 9B suggests that more than one timescale
is involved, and the dominant timescale depended on tp
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FIG. 9. (A) Plot of µ vs. time for a commercial PAA hydrogel
with pure water and one with a 50% wt sugar solution (the
viscosity is ≈ 15 times that of water). The solid lines are fits
to the form µ = (µ0−µ∞)e−t/τ +µ∞. (B) Decay time τ and
friction coefficient µ in the transition regime for a commercial
PAA hydrogel with tp = 1800 s. The data at v ≈ 0.47 cm/s
is shown in (A). Error bars in µ represent the variation over
1800 s. Error bars in τ are from the nonlinear regression
performed on the data.
and v. For example, by spending a longer time at each
velocity, short-time relaxation processes would equilibri-
ate, and only the long-time relaxation would be visible.
Strikingly, the relaxation mechanism is highly asym-
metric. During an experiment, the interface has expe-
rienced successive relaxation events after continually in-
creasing the speed to new values in small steps. At each
new speed in the transition regime, we observed a typ-
ical long-time decay to some equilibrium value of µ, as
shown in Fig. 10A. After hundreds of seconds at a given
speed, if we then pause the experiment for 5 s (v = 0
m/s) and then continue at the same speed, it seems as
if the friction has “reset” itself. The friction begins at a
larger value and decays again over long times. Increas-
ing this wait time to 30 s leads to an even larger initial
friction, and a similar long time decay. This rapid re-
covery process implies that the mechanism controlling
the friction in the intermediate, transition regime is not
re-hydration or purely hydrodynamic in nature, as these
processes would produce similar timescales for both re-
covery and relaxation.
Thus, we propose that the dynamics of the polymer
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FIG. 10. (A) Rapid recovery of friction after quiescence.
When increasing to a new speed, after running already at
a slower speed, µ displays a long-time relaxation over hun-
dreds of seconds. Momentarily stopping the experiment (v =
0) for 5 s or more will lead to a recovery of friction, followed
by further long-time relaxation. (B) Potential model for fric-
tional relaxation at the interface. Shearing the polymers, as
indicated by the direction of the arrow, leads to a confinement
of the topological entanglements to a smaller volume, and a
dramatic increase in the timescale for polymer dynamics.
matrix and local, interfacial polymer entanglements play
a large role in controlling friction in this regime. A similar
conclusion was reached by Kim et al. [44, 45] where the
authors propose a thixotropic rheological model for the
interfacial friction that involves a structural transition
in a complex fluid at the interface. The model can well-
capture the hysteresis measured in the friction, similar to
what we observe in Fig. 8. The authors point to polymer
chain alignments or interfacial re-hydration as possible
mechanisms. Here we build on the former hypothesis
since we have shown that re-hydration can not explain
our observed relaxation.
Near the surface, well-solvated polymers with free ends
are expected to exist. This layer of polymers can extend
up to ∼ 100 nm from the surface [51], but this will de-
pend on the hydrophobicity of the surface adjacent to
the hydrogel during crosslinking [52]. In the absence of
shear, the polymers are able to explore a wide range of
configurations through thermal fluctuations, yet are lim-
ited by their local proximity and entanglements. These
entanglements are contained within a given volume, as
shown by the dashed black line in Fig. 10B. Above a
critical shear stress, the polymers extend in the direction
of the applied stress, reducing the friction in a manner
akin to shear thinning. The remaining entanglements
are confined to a smaller volume. This confinement can
dramatically increase the timescale required to explore
configuration space, and thus it will take longer to disen-
tangle further and reduce the friction. A similar increase
in the timescales of relaxation occur in molecular glasses
and jammed materials due to small increases in density
[68].
Although this speculative hypothesis needs to be con-
firmed with future measurements that can resolve molec-
ular dynamics, it is able to explain the glaring asymmetry
in the timescales for relaxation and recovery. When the
shear stress is relieved, the polymers retract and are able
to quickly explore configuration space again. The balance
of thermal fluctuations and shear stress also provides a
reasonable length scale for the interfacial dynamics. As-
suming a characteristic length scale, a, for the polymers
at the interface, we can balance entropic stress, kBT/a
3,
with the critical shear stress from the flow, ηvc/d (Eq.
1). Equating these stresses, we arrive at:
vc =
dkBT
ηa3
. (5)
The characteristic length a is often associated with the
mesh size ξ [31, 32]. Using typical parameters, η = 1
mPa.s, d ≈ 50 nm, T = 300 K, then length scales of
order a ≈ 30-50 nm produce critical velocities consistent
with our experiments (vc ≈ 1 cm/s). This is reasonable
given the pore size and expected thickness of the surface
polymer layer [51].
This stress balance is somewhat similar to those used
in previous studies on hydrogel friction [32, 45, 69], al-
though we make a distinction between the length scale
over which polymers may extend (a), and the equilibrium
pore size (d). Equation 5 quantitatively captures the de-
pendence on viscosity and pore size, as shown in Figs. 4
and 5. However, the variations in the data with temper-
ature shown in Kim et al. [45] are not conclusive enough
to implicate the role of temperature, and they rightly
point out that variations in vc due to hysteresis are larger
than potential temperature effects. Recently, McGhee
et al. showed that temperature changes are consistent
with a pore size and viscosity dependence to the fric-
tion at low velocities. Ultimately, a better understand-
ing of the entanglement topology and solvated polymer
environment near the surface is needed to provide more
quantitative estimation of relaxation timescales in the
transition regime.
9High-velocity regime
As the velocity is increased well past ∼ 1 cm/s, we
observe a further increase in friction that is consistent
with the hydrodynamics of a bulk fluid layer. The most
convincing piece of evidence for this is that nearly all data
for a given solvent viscosity and contact area seems to
follow the same trend. In Fig. 1, despite having a friction
coefficient separated by more than an order of magnitude
in the time-dependent regime, the data for agarose and
commercial PAA hydrogels approach the same values at
high velocities. The addition of salt has a large effect on
the friction at low velocities, but is unnoticeable at high
velocities (Fig. 5). However, changing the viscosity of the
solvent by adding sugar leads to an increase in friction
at high velocities, as expected (Fig. 4).
In this regime, the friction due to hydrodynamic drag
should be well-described by elastohydrodynamic lubri-
cation theory (EHL). The soft hydrogel is deformed by
the lubrication pressure generated in the thin film, lead-
ing to a net lift force that maintains the film thickness
[35, 36, 39, 40]. Under a soft sphere on a hard, flat sur-
face, numerical EHL calculations lead to the following
expression for the film thickness h [12, 56, 70]:
h ' hmin ∝ R0.77(ηv)0.65(E∗)−0.44F−0.21n , (6)
where hmin is the minimum film thickness, and h does not
deviate too much from this value throughout the contact
area. This scaling agrees well with a recent analytic sim-
ilarity solution for the two-dimensional flow under a soft
cylinder [40]:
h ' hmin = 0.4467
(
27pi(ηv)3R4
(E∗)2Fn
)1/5
. (7)
For simplicity, we will assume that h ∝ (ηv)3/5. Since
the shear is occuring in a thin fluid layer, we can assume
that h ∼ d in Eq. 1, and thus find that:
µ ∝ (ηv)2/5. (8)
Taking all the data together for PAA, PAAm, and
agarose, we only find good agreement with this scaling
for the softest of hydrogels. For example, Fig. 8C shows
that a slope of 2/5 is consistent with the data for more
than an order of magnitude in velocity. This is for an 8%,
29:1 PAAm particle, with E∗ ≈ 32 kPa. For stiffer gels,
the scaling with velocity is not well fit by a single power
law, and the friction increases more rapidly with velocity.
We suspect that for stiffer gels, the asymmetric deforma-
tion expected by soft EHL is not as pronounced, meaning
that a thinner lubrication layer is required to deform the
gel to generate lift, leading to higher frictional force.
Surface and Geometrical Effects
All of the experimental data shown so far corresponded
to various hydrogels on smooth, optically clear PMMA
surfaces. However, physiochemical absorption or repul-
sion between the polymers and the substrate, or between
polymers on different hydrogels, can strongly affect the
friction [42]. We assume that PMMA is fairly hydropho-
bic, or at least partially wetting, and that there are no
specific interactions that would affect the friction. As
such, we also tested our gels on smooth glass surfaces,
obtaining essentially the same results. Figure 11 shows
data for a commercial PAA sphere on PMMA, similar to
Fig. 1, and also for PAA on glass. The data coincides
for three orders of magnitude in velocity. Thus, we sug-
gest that our results and analyses will apply to nearly
all smooth surfaces which do not have specific polymer-
surface interactions.
In addition, there has been a considerable amount of
work done on hydrogel surfaces indented by a frictional
probe [28, 31, 53]. These studies show a markedly dif-
ferent behavior at low velocities when compared to our
smooth surface, where µ → 0 as v → 0. Pitenis et al.
[31] suggested that thermally-driven, transient interac-
tions between polymers at a hydrogel-hydrogel interface
can lead to a roughly constant friction at low velocities
and Shoaib et al. [28] suggested that for a smooth probe
sliding on a hydrogel surface, friction can increase at low
velocites due to a stick-slip mechanism. To test this in
our experiments, we fabricated flat, 12% wt, 29:1 PAAm
hydrogel disks as substrates for our spheres. We also fab-
ricated 2% wt agarose disks. The disks were 2 cm thick,
and were cured in a PMMA mold as part of the appa-
ratus. Hertzian contact theory is often employed to de-
scribe elastic deformation in both soft and hard surfaces,
i.e. it only depends on the composite radius or modulus,
as in Eq. 3. Thus, we tested the behavior of a hydro-
gel sphere and an PMMA sphere of the same diameter
pressed against both a PAAm and an agarose disk.
Figure 12A shows results for a PAA sphere on PMMA,
a PAA sphere on a PAAm disk, and an PMMA sphere on
a PAAm disk. Since the surface chemisty of the commer-
cial PAA spheres is not the same as our custom PAAm
gels, we also tested PAAm spheres on PAAm disks (Fig.
12B), and agarose spheres on agarose disks (Fig. 12C). At
low velocities and intermediate velocities, the three ge-
ometries are quantitatively different, and there are two
major distinctions to consider. First, the hydrogel disk
experiences indentation that must travel with the sliding
contact. This can contribute a horizontal force since the
frictional surface can be curved around the sphere and
is not strictly perpendicular to the sliding direction [38],
producing higher pressures at the leading edge that affect
the gel network [28, 47, 51]. Second, the polymers near
the surface of the hydrogel disk only experience shear
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FIG. 11. Frictional behavior of commercial PAA hydrogel
spheres on both glass and PMMA surfaces. For all data, tp
= 180 s and Fn = 0.2 N. Error bars are not shown for clarity,
but are comparable to those in Fig. 1.
transiently as they pass under the contact zone. This
means that much of the polymer relaxation processes de-
scribed previously do not apply.
Both of these effects can help explain our data. At in-
termediate velocities, the friction for the PMMA sphere
on PAAm is much lower. This is likely due to a well-
hydrated layer on the fresh hydrogel surface that exists
prior to its entrance into the contact region. Each part
of the hydrogel surface only experiences frictional forces
transiently, which is quite distinct from the constant fric-
tional force applied to the contact area under a hydrogel
sphere on a smooth surface. At low velocities, µ tends
to increase slightly, and is larger than PAA on smooth
surfaces. We attribute this to geometrical effects from
the indentation and circular contact area on the PAAm
disk. Since hydrogel is not perfectly elastic (fluid must
be moved through the network [47]), there will be some
dissipation inside the gel as it is repeatedly compressed at
the leading edge and decompressed at the trailing edge.
For a hydrogel-hydrogel interface (Fig. 11C), we ob-
served behavior representative of something in between
the flat and curved, indented surface. Since both surfaces
are soft, Eq. 4 would predict a larger µ at low velocities
due to the smaller value of E∗, which is consistent with
the data. However, the effective value of d should be
larger since shear is occurring in both hydrogel networks
(sphere and disk), leading to a lower friction. Given the
significantly larger values of µ at low velocities, there
must be some geometric effects associated with the in-
dented, hydrogel surface. At intermediate speeds there
is still a peak in µ, but it is not as pronounced. At the
highest speeds, both indented surfaces associated with
the PAAm disk show nearly identical behavior, whereas
the smooth surface increases in a similar way, yet with
a smaller prefactor. This also suggests that indentation
in the soft surfaces leads to a larger overall friction, even
at higher velocities. A detailed analysis using soft elas-
tohydrodynamic theory may shed light on this geometric
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FIG. 12. (A) Frictional behavior of a commercial PAA hydro-
gel sphere on an PMMA disk, a commercial PAA hydrogel on
a custom PAAm disk, and an PMMA sphere on a custom
PAAm disk. (B) Frictional behavior of a fabricated PAAm
hydrogel sphere on an PMMA disk, a PAAm hydrogel on
a custom PAAm disk, and an PMMA sphere on a custom
PAAm disk. (C) Frictional behavior of a fabricated agarose
hydrogel sphere on an PMMA disk, an agarose hydrogel on
a custom agarose disk, and an PMMA sphere on a custom
agarose disk. For all data, tp = 180 s and Fn = 0.2 N. Error
bars are not shown for clarity, but are comparable to those
shown in Fig. 8.
dependence since it is inconsistent with linear elastic the-
ory.
SUMMARY AND OUTLOOK
In this study we have investigated the frictional be-
havior of various hydrogels on smooth surfaces. This
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was accomplished using a custom pin-on-disk tribome-
ter with optical access to the contact area, capable of
measuring friction coefficients below µ = 0.001. For all
samples, the size of the contact area was reasonably de-
scribed by Hertz contact theory, and the area did not vary
with sliding velocity within our resolution. The friction
coefficient followed three general regimes: a low-velocity
regime where µ is determined by the hydrodynamic shear
through the porous hydrogel network, an intermediate
regime characterized by a sharp drop in µ accompanied
by time-dependent dynamics, and a high-velocity regime
consistent with a bulk fluid layer.
At low velocities, the behavior of µ vs. v provides an
estimate of the hydrodynamic pore size in the surface
layer. The values computed from our measurements are
consistent with known literature values for PAAm and
agarose gels measured by both molecular diffusion and
bulk fluid flow. At high velocities, some of our softer
gels are consistent with predictions from EHL theory, i.e.
µ ∝ v2/5; however, the friction increases more sharply
with velocity for stiffer gels. The friction also depended
on the geometry of the interface. A gel ball on a flat disk
was significantly different than the inverse, a hard ball
on a soft, gel disk. We expect that experiments which
are able to optically resolve the nonlinear deformations,
as in Saintyves et al. [35], or full numerical simulations
may be able to shed light on this elastic asymmetry and
accompanying bulk fluid.
The intermediate regime, where time-dependent dy-
namics in µ are observed, leaves the most open ques-
tions. Although the decay in µ at a specific velocity
may be well-described by an exponential behavior, the
broad range of relaxation times observed at different ve-
locities is not well-understood. Although our speculative
explanation concerning the available volume for confor-
mational changes, as shown in Fig. 10B, is consistent with
the long time-scales observed during relaxation and the
rapid recovery upon cessation of sliding, it remains to be
directly verified. Fluorescent tagging of individual poly-
mers near the surface or other optical techniques which
can detect anisotropy of the interfacial polymers in the
sliding direction may help resolve these questions.
MATERIALS AND METHODS
Tribometer Setup
Our experiments were performed using the custom pin-
on-disk, bi-directional tribometer illustrated in Fig. 1A.
A spherical sample (PMMA or hydrogel) of radius R ≈
7.5 mm was held stationary to the end of a low-force
strain sensor (Strain Measurement Devices S256). This
cantilevered spherical sample rested upon a horizontal
substrate–PMMA, glass, or hydrogel–to a circular, rotat-
ing frame. The local root-mean-square roughness of the
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FIG. 13. Trace of the frictional force vs. time for a PAA
sphere on PMMA disk with tp = 60 s and Fn = 0.2 N. The
velocity was continually increased in small increments at time
progressed. The stroke lengths for the lowest (0.033 cm/s)
and highest (24.8 cm/s) velocities were 1.97 cm, and 1488 cm,
respectively. The colors and symbols correspond to data taken
with three different gear ratios with different velocity ranges.
The larger time gaps in between the black, red, and blue data
are associated with the physical time to switch motor gears
in the apparatus. Positive and negative data correspond to
different directions of angular rotation of the substrate. The
noise floor in the force measurement was 0.05 mN. Not all
data points are shown for clarity.
glass and PMMA surfaces were measured to be 2.2 nm
and 3.8 nm, respectively, using atomic force microscopy
over a 1 µm2 area. The strain sensor measured the tan-
gential force (Ff) on the sphere, and was calibrated prior
to use. A normal force, 5 mN < Fn < 400 mN, was ap-
plied above the point of contact using a fixed amount of
mass under the influence of gravity. The friction coeffi-
cient was calculated as µ = Ff/Fn.
A macroscopic layer of solvent over the substrate
(thickness ≈ 3 mm) kept the contact hydrated during
the experiment. We found that this amount of liquid led
to repeatable friction measurements over multiple days,
and also minimized any bulk drag from the fluid flow
around the sphere. A hole was drilled in the supporting
plate below the spinning substrate in order to provide
optical access to the frictional contact. The substrate
was driven by an geared dc motor, whose gear ratio was
changed to achieve a wide range of rotational velocities.
Small kinks or gaps in the data (at v ≈ 0.5 cm/s and 3.0
cm/s in Fig. 1D) are visible when changing gear ratios.
The radial position of our spherical sample could also be
adjusted to change the velocity range.
Data acquisition and motor control was accomplished
through a custom LabVIEW program. For each data
point at a given velocity, we ran the motor clockwise for
a period of 30 s < tp < 1800 s, paused for 5 s, and
then ran the motor counterclockwise for the same time
tp. During each time period tp, a USB data acquisition
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device (NI USB-6009) sampled the voltage read-out from
the strain sensor at 24 kHz for 0.5 s, and the resulting
12,000 data points were averaged to reduce noise. Thus
the friction coefficient was sampled approximately once
every 0.5 s. The voltage on the motor (and corresponding
velocity at the contact point) was then increased, and
the process repeated for the next data point. Measuring
the friction in both directions allowed us to calibrate the
zero point of the measurement in-situ, and to check for
any asymmetries in the frictional measurement in each
direction. A typical trace of frictional force vs. time is
shown in Fig. 13.
The data was averaged for each measurement time tp
in order to provide a single value for the friction coef-
ficient. At some velocities, our data would display an
exponential-like decay towards a steady-state value, lead-
ing to a large range for that speed’s frictional coefficient.
We particularly observe these effects within the transition
regime when the friction decreased rapidly with sliding
velocity. We also observe that this decaying behavior is
far more sensitive to changes in speed than changes in
direction. All data were taken at 22 ± 2◦C, and reported
measurement errors for µ represent its standard deviation
during the experimental time tp.
Preparation of Hydrogels
We used two types of hydrogels for our experiments:
polyacrylamide (PAAm) and agarose. Although both
PAAm and agarose samples were fabricated in the lab,
we also used horticultural hydrogel spherical particles
from JRM Chemical (Cleveland, OH). All chemicals and
solvents used for fabrication were purchased from Milli-
pore Sigma. PAAm samples were made by combining
the following components, reported as percent weight
of the solvent: acrylamide/bis-acrylamide mixture (8-
24% wt), ammonium persulfate initiator (0.15% wt), and
tetramethylethylenediamine (TEMED) catalyst (0.15%
wt). The components were mixed in distilled water and
in an oxygen-starved environment for 20 minutes. The
solution was poured into custom spherical silicone molds
and poly(methyl methacrylate) (PMMA) disc molds for
gelation at room temperature over 10 hours. Once
gelated, the hydrogel was then immersed in water for
2 hours to remove any lingering chemicals.
To vary the PAAm cross-linking densities, the acry-
lamide to bis-acrylamide ratio was switched between
49:1, 29:1, 19:1, and 9:1. To vary the average pore di-
ameters, acrylamide/bis-acrylamide concentrations were
made between 8% wt and 24% wt. The commercial par-
ticles were composed of approximately 70% polyacrylic
acid (PAA) and 30% acrylamide monomer, as reported
by the manufacturer. Spherical agarose samples were
made by mixing agarose (0.5-2 g) into 100 ml of distilled
water and heating the solution to 60◦C. The solution was
then pipetted into a spherical silicone mold and left aside
at room temperature for 30 minutes. The hydrogel was
then immersed in water for at least 2 hours. For disks of
hydrogel (PAAm or agarose), the gel solution was placed
in a PMMA mold of thickness 2 cm and allowed to cure
under the same conditions. Finally, we measured the ul-
timate swelling ratio of the gels after immersing them in
water and letting them equilibriate. For example, the
commercial PAA particles consisted of 99.2% water, the
29:1, 12% wt PAAm particles consisted of 89.4% water,
and the 1% wt agarose particles consisted of 98.9% water.
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